We present whole-rock major-and trace-element and Nd^Sr^Pb radiogenic isotope data for Cretaceous igneous suites from eastern Cuba. These rocks are related to the Greater Antilles paleo-island arc magmatism and have three different igneous styles. Group 1 consists of tholeiitic basalts and rare basaltic andesites that have normal mid-ocean ridge basalt (N-MORB)-like compositions similar to those found in back-arc basin basalts (TiO 2 ¼ 1Á2^2Á9 wt%; La/Yb (N) ¼ 0Á7^0Á9, Th/Nb ¼ 0Á06^0Á08, and initial 208 Pb/ 204 Pb ¼ 37Á65^37Á74). Group 2 comprises basaltic and rare basaltic andesitic subvolcanic dykes with major-and trace-element and isotopic compositions similar to those of island arc tholeiites (TiO 2 ¼ 0Á7^1Á4 wt%; La/Yb (N) ¼ 0Á6^0Á9, Th/Nb ¼ 0Á06^0Á68, and initial 208 Pb/ 204 Pb ¼ 37Á74^38Á25).
Group 3 is composed of low-Ti (TiO 2 ¼ 0Á3^0Á9 wt%) calcalkaline igneous rocks that have an unambiguous subduction-related character (La/Yb (N) ¼ 1Á1^5Á0, Th/Nb ¼ 0Á35^1Á55, and initial 208 Pb/ 204 Pb ¼ 37Á94^38Á39). The parental magmas of the three groups formed by variable melting degrees (55^25%) of spinel lherzolite, with more depleted mantle sources for Groups 2 and 3 than Group 1.The trace-element and radiogenic isotope compositions of primitive Group 3 samples are strongly bimodal. One subgroup of samples is characterized by low Ta/Yb (0Á02^0Á03) and Th/La (0Á10^0Á13), slightly subchondritic Nb/Ta (13Á3^17Á3), and relatively high initial 206 Pb/ 204 Pb (18Á57^18Á62) and e Nd (7Á6^9Á4). The remaining primitive Group 3 samples have higher Ta/Yb (0Á06^0Á11) and Th/La (0Á24^0Á32), and highly subchondritic Nb/Ta (7Á6^9Á1), coupled with lower initial 206 Pb/ 204 Pb (18Á24^18Á29) and e Nd (3Á4^5Á5). These signatures were induced by two distinct slab components that mainly reflect the contributions of Cretaceous Atlantic marine and North American continental sediments, respectively. Nb/Ta in the first subgroup was influenced by melting of rutile-bearing subducted crust, whereas in the second it was inherited from recycled continental sediments. The involvement of Atlantic and North American sediments in Cuban Cretaceous magmatism indicates that the Proto-Caribbean (North AmericanProto Atlantic) lithosphere subducted beneath the Greater Antilles arc during the Late Cretaceous (pre-Campanian), consistent with geotectonic models involving onset of SW-dipping subduction beneath the Greater Antilles paleo-arc during the Aptian. The variable mantle source depletion and magnitude of the subduction component probably reflect different settings across the arc, from the arc front to a back-arc spreading ridge.
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I N T RO D UC T I O N
The Greater Antilles paleo-island arc, consisting of Cuba, Jamaica, Hispaniola, Puerto Rico and the Virgin Islands, marked the Cretaceous plate boundary between the Caribbean and North American plates. One point of recurring controversy in models of Caribbean tectonic evolution is the polarity of subduction beneath this extinct island arc system during the Late Cretaceous (Kerr et al., 1999 (Kerr et al., , 2003 Jolly et al., 2001; Pindell et al., 2006) . The two main alternatives proposed in the literature are the SW-dipping subduction of Proto-Caribbean (North American-Proto Atlantic) oceanic lithosphere beneath the Caribbean plate and an opposite NE-dipping geometry. Insight into the polarity and evolution of the Greater Antilles paleo-arc system can be obtained through consideration of the mantle and slab components involved in the genesis of the Caribbean arc-related igneous rocks.
Here we present new whole-rock major-and traceelement and Nd^Sr^Pb radiogenic isotope data for Cretaceous igneous suites from eastern Cuba. Our study complements recent geochemical investigations of igneous suites in other parts of the Mesozoic Greater Antilles arc system (Jolly et al., 2001 (Jolly et al., , 2006 Escuder Viruete et al., 2006) . We exploit variations of middle rare earth elements (MREE), heavy REE (HREE), high field strength elements (HFSE) and Pb radiogenic isotope ratios of Cuban primitive basalts to (1) evaluate the composition and the degree of melting of the mantle source and (2) assess and identify the nature of the slab component involved in their genesis. These geochemical data are used to reconstruct the tectonic setting of the Cretaceous magmatism in eastern Cuba and to constrain the subduction polarity of the Greater Antilles paleo-island arc during the Mesozoic.
Furthermore, we show how Nb^Ta abundances in primitive Cuban arc rocks, which are considered either unaffected by slab contributions (Pearce, 1983; McCulloch & Gamble, 1991; Pearce & Parkinson, 1993; Woodhead et al., 1993) or significantly transferred from the subducting lithosphere to the mantle wedge by slab melts (Stolz et al., 1996; Mu« nker, 1998; Prouteau et al., 2000; Foley et al., 2002; Mu« nker et al., 2004; Go¤ mez-Tuena et al., 2007) , were influenced by different slab components related to the SW-dipping subduction of the Proto-Caribbean plate beneath the Greater Antilles paleo-arc.
G E O L O G I C A L S E T T I N G
The tectonics of the modern Caribbean has been shaped primarily by two main geodynamic events: first, the breakup of North America and Gondwana led to the opening of the Proto-Caribbean oceanic basin; this stage was followed by a collisional event linked to the convergence of the Proto-Caribbean (North American-Proto Atlantic) and Caribbean plates (e.g. Lewis & Draper, 1990; Pindell, 1994; Iturralde-Vinent, 1998; Meschede & Frisch, 1998 , and references therein). During the latter stage, the extinct Greater Antilles Island Arc formed, which now comprises parts of Cuba, Jamaica, Hispaniola, Puerto Rico and the Virgin Islands.
Three major igneous suites are commonly recognized in the volcanic and plutonic record of the modern Caribbean (Donnelly & Rogers, 1980; Donnelly et al., 1990) . Two magmatic suites are unrelated to subduction: (1) Jurassic to Upper Cretaceous, mainly Turonian, MORB and OIB lavas (Sinton et al., 1998; Re¤ villon et al., 2000; Kerr et al., 2003) thought to be portions of the CaribbeanĈ olombian oceanic plateau (Kerr et al., 1997; Lapierre et al., 1999 Lapierre et al., , 2000 Mamberti et al., 2003 , and references therein), or pieces of the Proto-Caribbean (Atlantic) oceanic crust (Kerr et al., 1997) ; (2) middle Tertiary to Holocene alkaline basalt suites associated with extensional tectonics. The third type of igneous activity comprises subduction-related volcanic and plutonic rocks spanning the interval from the Early Cretaceous to the Holocene, which are associated with the development of the Greater and Lesser Antilles arcs. These suites include Lower Cretaceous island arc tholeiite (IAT) and many Cenomanian^Holocene calcalkaline and minor high-K series. The change from IAT to calcalkaline magmatism is attributed either to a gradual transition related to the maturation of the arc(s) (Kerr et al., 2003) or to an abrupt switch of magmatism as a result of a polarity reversal of subduction (Lebron & Perfit, 1993 , 1994 Draper et al., 1996) . In the Greater Antilles Island Arc the calcalkaline igneous activity continued until the Eocene, and in the Lesser Antilles it persists to the present.
The Cuban Cretaceous arc rocks (Fig. 1a) constitute the westernmost part of the extinct Greater Antilles Island Arc (Fig. 1b) . In eastern Cuba the Cretaceous volcanic rocks form the Quibija¤ n, Te¤ neme and the Santo Domingo Formations (Iturralde-Vinent, 1996a, 1996b, and references therein; Gyarmati et al., 1998; Kerr et al., 1999) . The first two formations were sampled for this study (Fig. 1c) . The Quibija¤ n lavas mainly consist of massive, porphyritic and quartz^chlorite-filled amygdaloidal basalt, basaltic andesite and minor andesite, interbedded with chert and fine-grained tuffaceous rocks. Iturralde-Vinent et al. (2006) proposed an Albian^Turonian age for the Quibija¤ n Formation. The Turonian^Coniacian pillow basalt and basaltic andesite from the locality of Morel (Fig. 1c) (Iturralde-Vinent et al., 2006) have been previously included in the Quibija¤ n volcanic rocks and classified as back-arc IAT (Kerr et al., 1999) . As we will argue below, however, several units initially assigned to the Quibija¤ n Formation have distinctive geochemical signatures such that their inclusion within a single volcanic formation is inappropriate (see also Proenza et al., 2006) . The Te¤ neme Formation mainly consists of basalt, basaltic andesite, andesite and minor dacite interbedded with tuff, tuffaceous sandstone, and limestone of Turonian^Early Coniacian age (Iturralde-Vinent et al., 2006) . The Te¤ neme extrusives are classified as IAT related to early island arc magmatism .
P E T RO G R A P H Y A N D S A M P L I N G
For this study we selected 57 igneous rocks from several localities in eastern Cuba (Fig. 1c) altered specimens on the basis of their petrography and whole-rock compositions. Moreover, we excluded samples with petrographic and major-element evidence of phenocryst accumulation.
Major mineral phases include plagioclase, clinopyroxene, iron^titanium oxides, AE minor hornblende, quartz, orthopyroxene and rare olivine. Volcanic rocks have micro-crystalline or porphyritic^aphanitic textures with clinopyroxene and plagioclase phenocrysts. Subvolcanic dykes generally have fine phaneritic (51mm) homogeneous texture. Accessory minerals include epidote, apatite and sulphides. Primary phases underwent hydrothermal alteration under greenschist-facies conditions. Albitized plagioclase grains are commonly altered to sericite, saussurite, chlorite or smectite, and clinopyroxene is replaced by hornblende and chlorite. Secondary veins consist of quartz^celadonite, sericite, serpentine, carbonate and Feoxyhydroxides. Intrusive rock from the Te¤ neme Formation consists of 200^800 mm plagioclase, quartz and Fe^Ti oxides, and 2^3 mm amphibole and quartz megacrysts.
We selected 28 samples from the western part of the studied area (Fig. 1c) , where igneous suites are in tectonic contact with the Mayar|¤^Cristal ophiolitic massif, of which 14 volcanic rocks are from the type locality of the Te¤ neme Formation. Eleven of the Te¤ neme samples were previously studied by Proenza et al. (2006) and have been reanalysed here for trace-element abundances and radiogenic isotope ratios. In addition, we analysed one sample of the Te¤ neme intrusive,11 subvolcanic dykes collected in the NW region of the Mayar|¤^Cristal massif (Guamuta^Loma de la Bandera area), and two dykes from the Estrella de Mayar|¤ area, all of which are intrusive into mantle peridotite. From the eastern domain, where igneous suites are spatially associated with the Moa^Baracoa ophiolitic rocks, we selected 29 samples (Fig. 1c) , of which 16 volcanic rocks are from the area of the Barbudo and Quibija¤ n Rivers where the homonymous formation was originally defined (Quintas, 1988) . In addition, we analysed six pillow lavas from the localities of Morel and Centeno, two volcanic rocks from La Melba area, and one mafic dyke that intrudes into mantle peridotite in the Cerrajo¤ n region. Finally, we selected one pillow lava from Morel previously studied by Proenza et al. (2006) , and three olivine gabbros from the crustal section (in Cayo Grande and Quemado del Negro) and Moho transition zone (in Cayo Guam) of the Moa^Baracoa ophiolitic massif, studied by Marchesi et al. (2006) and analysed here for radiogenic isotope ratios.
A NA LY T I C A L M E T H O D S Whole-rock major-and trace-element analyses
Samples were sawn into thin slabs and secondary veins were carefully removed. Whole-rock powders were obtained from sample aliquots by first crushing and then powdering large amounts of the sample (usually 43 kg) in an agate ring mill. Whole-rock major-and minortransition elements (Sc, V, Cr and Ni) were analysed in a single low (2:1) Li-tetraborate (Li 2 B 4 O 7 ) fused bead by a ThermoARL Advant XPþ sequential X-ray fluorescence (XRF) spectrometer at the GeoAnalytical Lab facilities of the Washington State University (WSU; Pullman, WA, USA). Details of the analytical procedure have been given by Johnson et al. (1999) .
Whole-rock trace elements (Rb, Sr, Y, Zr, Nb, Cs, Ba, REE, Hf, Ta, Pb, Th and U) were analysed by inductively coupled plasma mass spectrometry (ICP-MS) at the GeoAnalytical Lab of the WSU using an HP 4500þ system. Rock powder (2 g) was mixed with an equal amount of lithium tetraborate flux, placed into a carbon crucible and fused in a 10008C muffle furnace for 30 min. The resulting fusion bead was briefly ground in a shatterbox swing agate mill and 250 mg of this powder was dissolved on a hotplate at 1108C in a mixture of HF, HNO 3 , and HClO 4 in an open Teflon vial and then evaporated. One acid blank and two samples each of three in-house rock standards were run with each analytical batch. Whole-rock geochemical data are given in Table 1 . Results for the BHVO-1 and AN-G international reference materials run as unknowns for 1 year at the WSU GeoAnalytical Laboratory are also shown. The concentrations of the analyzed standards show good agreement with working values for the reference samples; for example, Nb/Ta differs by only $10% from the recommended values (Govindaraju, 1994) . The reproducibility at the WSU GeoAnalytical Laboratory is indicated by the analyses of the TED in-house standard (primitive basalt from the Oregon Cascade range) repeated over a period of 3 years. Precision is better than 10% for all the analyzed elements.
To assess the quality of the Nb and Ta data, replicate analyses of four Quibija¤ n samples were performed at the Ge¤ osciences Montpellier laboratory (CNRS-Universite¤ Montpellier II, Montpellier, France) with a ThermoFinnigan ELEMENT XR high resolution (HR)-ICP-MS system using the dissolution procedure described by Garrido et al. (2000) . Nb/Ta ratios of replicate analyses are within analytical errors and differ by less than 11% from the values obtained at WSU (Table 1) . 
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CRETACEOUS MAGMATISM IN CUBA
Te¤ neme intrusive, and three cumulate gabbros from the Moa^Baracoa ophiolitic massif. Mineral concentrates of clinopyroxene and plagioclase were obtained by crushing and sieving (100^200 mm mesh) followed by magnetic separation in a Frantz Õ isodynamic device. Clean mineral separates were handpicked in alcohol under a binocular microscope. The pervasive presence of fine intergrowths of clinopyroxene and plagioclase made it extremely difficult to obtain optically pure mineral separates. To improve mineral quality, hand-picked separates were ultrasonically washed in diluted 2Á5N HCl, kept on a hotplate at about 608C and rinsed several times with ultrapure water. However, in many samples, the mineral separates still contained mixed grains.
Details on the digestion procedure followed at the Ge¤ osciences Montpellier clean room isotopic laboratory have been given by Bosch et al. (2004) . Pb chemical separation was carried out using AG1X8 anion exchange resin washed in 0Á5N HBr and 6N HCl. Nd and Sr were separated following an extraction chromatographic method modified from Pin et al. (1994) . Average Nd, Sr and Pb concentrations in procedural blanks were less than 30, 70 and 50 pg, respectively.
Pb and Nd isotopic ratios were measured using a P54 Fisons multi-collector (MC)-ICP-MS system or a NuPlasma 500 MC-ICP-MS system at the Ecole Normale Supe¤ rieure de Lyon (France). Pb isotope compositions were analysed using the Tl normalization method described by White et al. (2000) . Each batch of two samples was bracketed by NBS 981 standard splits and an external correction was applied to the samples according to the value reported by Todt et al. (1996) . The Nd isotopic ratios were measured following the method described by Luais et al. (1997) ; the average value of the Lyon in-house JMC standard solution (batch 801149A) was 0Á512137 AE44 (2) (n ¼ 42) for four analytical sessions. Sr isotopic ratios were measured by thermal ionization mass spectrometry (TIMS) using a CAMECA TSN 206 system at the Laboratoire Ge¤ osciences Azur of the Universite¤ de Nice^Sophia Antipolis (France) or a ThermoFinnigan Triton T1 system at the LABOGIS of the Centre Universitaire de Formation et de Recherche de Ni " mes (France). The NBS 987 standard was run at the beginning of each analytical session. The average values for NBS 987 were 0Á710260 AE 20 (2) (n ¼ 5) and 0Á710243 AE10 (2) (n ¼ 7) for Laboratoire Ge¤ osciences Azur and LABOGIS, respectively.
87 Sr/ 86 Sr ratios were corrected for mass discrimination by normalizing to 86 Sr/ 88 Sr value of 0Á1194. The isotopic ratios of the samples were corrected for the in situ radioactive decay since 90 Ma (Table 2) Ratios corrected for radioactive decay since 90 Ma are also shown, except for samples with abundances of the parent elements below the detection limits. WR, whole-rock; n.a., not analysed.
whole-rocks were made based on data from laser ablation (LA)-ICP-MS and ICP-MS analyses, respectively; the reproducibility of trace-element analyses does not affect the interpretation of the isotopic data. For samples with Rb, Sm, Th and U contents below the analytical detection limits we present only the present-day age-uncorrected isotopic values; this is the case for the great majority of the Pb isotopic data for mineral separates.
W H O L E -RO C K G E O C H E M I S T RY Major elements
The sampled volcanic rocks and dykes consist of basalts (25), basaltic andesites (15), and minor andesites (8) and dacites (4) (Fig. 2) (Fig. 3) and we infer that their abundances have not been significantly affected by alteration.
In terms of whole-rock major-element composition, the igneous rocks from eastern Cuba can be classified into three main magmatic groups that are discriminated by their trends in the Mg-number vs FeO Ã diagram (Fig. 3a) . Group 1 comprises basalts and rare basaltic andesites from the Morel, La Melba and Centeno areas, which exhibit steady FeO Ã enrichment with decreasing Mgnumber. FeO enrichment during differentiation is commonly ascribed to the tholeiitic line of descent (Miyashiro, 1974) .
Group 2 includes dykes from the Guamuta^Loma de la Bandera and Cerrajo¤ n areas. They have a basaltic to basaltic andesitic composition. In terms of Mg-number vs FeO (Miyashiro, 1974 variations, these samples display a trend similar to that of Group 1 but at slightly lower FeO Ã for a given Mg-number. Group 3 includes basaltic to dacitic samples from the Te¤ neme and Quibija¤ n type localities and the Estrella de Mayar|¤ region. These rocks define a calcalkaline evolutionary trend that is characterized by first increasing and then decreasing FeO Ã with decreasing Mg-number. Within this group, we further distinguish two subgroups: Group 3T, which comprises samples from the Te¤ neme Formation (some of which exhibit a boninitic affinity, with SiO 2 453 wt%, TiO 2 50Á5 wt% and MgO 48 wt%) and the Estrella de Mayar|¤ dykes, and Group 3Q, which includes volcanic rocks of the Quibija¤ n Formation.
Similar evolutionary trends are also observed in the Mg-number vs TiO 2 diagram (Fig. 3b) . In Groups 1 and 2, the TiO 2 content increases significantly with differentiation, whereas there is only a weak enrichment trend in Group 3. The relatively high TiO 2 contents of Group 1 volcanic rocks are characteristic of the tholeiitic series from mid-ocean ridges and back-arc basins, whereas the lower TiO 2 abundances of Groups 2 and 3 are distinctive of island arc lavas (e.g. Jakes› & Gill, 1970) . In Group 1 plagioclase fractionation results in decreasing Al 2 O 3 from the primitive to evolved lavas, whereas Group 2 samples have nearly homogeneous Al 2 O 3 contents (Fig. 3c) . The delay of the plagioclase fractionation in Group 3 led to Al 2 O 3 enrichment in the most primitive samples followed by decreasing Al 2 O 3 abundances at Mg-numbers 550.
Trace elements
Chondrite-normalized (after Sun & McDonough, 1989 ) REE patterns of the analysed samples are illustrated in Fig. 4 . Group 1 and 2 rocks have light REE (LREE)-depleted to flat patterns (La/Yb (N) ¼ 0Á6^0Á9) comparable with MORB and IAT. Group 1 exhibits higher REE concentrations than Group 2 and variable negative Eu anomalies, indicative of plagioclase fractionation. The REE contents of Group 2 are similar to those of the Early Cretaceous IAT series from the Caribbean region, represented by the dashed field in Fig. 4 .
The REE patterns of Group 3 samples significantly differ from those of Groups 1 and 2. Group 3 rocks display REE patterns characterized by LREE-enriched (La/ Sm (N) ¼ 1Á0^2Á1) and HREE-depleted (Sm/Yb (N) ¼ 1Á1^1Á8) segments typical of arc lavas (e.g. McCulloch & Gamble, 1991; Hawkesworth et al., 1993; Kelemen et al., 2003) . No appreciable difference exists between the REE patterns of Groups 3T and 3Q. Negative Eu anomalies as a result of plagioclase fractionation are present only in the most evolved lavas with the highest REE contents. The samples of Group 3T with a boninitic affinity display REE patterns (La/Sm (N) ¼ 1Á1^2Á4; Sm/Yb (N) ¼ 1^2Á4) similar to those of the other Te¤ neme volcanic rocks but show a wider range of LREE enrichment. LREE and MREE abundances are lower and normalized patterns slightly flatter in Group 3 compared with other Caribbean calcalkaline suites represented by the grey field in Fig. 4 . Figure 5 shows that the three groups identified above based on their distinctive major-element and REE signatures also differ significantly in terms of La/Nb and Th/Nb ratios. These ratios vary between oceanic abyssal tholeiites, arc lavas and continental crust (Plank, 2005) , thus constituting useful tracers for subduction-related processes and recycled continental material. In Fig. 5 Group 1 samples clearly display MORB-like ratios whereas the dykes of Group 2 have higher La/Nb and Th/Nb. Group 3 samples have significantly higher values of these ratios and overlap the composition of common arc magmas. Th/La is generally greater in subduction-related rocks compared with MORB and is mainly influenced by the composition of 
Caribbean Early
Cretaceous IAT series Fig. 4 . Chondrite-normalized REE patterns of igneous rocks from eastern Cuba (whole-rock analyses). Symbols as in Fig. 2 . Normalizing values from Sun & McDonough (1989) . Fields of the Caribbean Early Cretaceous IAT series (dashed line) and Late Cretaceous calcalkaline series (grey area) from Kerr et al. (1999) and Blein et al. (2003) , respectively.
subducted sediments (Plank, 2005) . The majority of Group 3 samples have Th/La 50Á15, resembling Marianas arc lavas, whereas three 3Q and one 3T volcanic rocks are characterized by significantly higher Th/La (!0Á23), characteristic of Lesser Antilles and Aleutians arc volcanic rocks. Figure 6 illustrates the variation in the Nd, Sr and Pb radiogenic isotope compositions of mineral separates and whole-rocks for the studied samples (see Table 2 ). (2005) (37Á74^38Á25) ratios compared with Group 1. We note that the high whole-rock U/Pb ratio of one Group 2 dyke (LB 204) leads to an overestimate of the time-integrated U decay since its crystallization; this is reflected by the relatively low age-corrected Pb isotopic ratios of this specimen compared with the other rocks of the suite. We have thus corrected its Pb isotopic composition considering the primary U abundance as the value interpolated between the normalized contents of Th and La (Hofmann, 2003 Fig. 6 ) is due to the fact that most mineral Pb isotopic data reported in our study are present-day ratios and are, therefore, considered as maximum values. The Pb isotope ratios of whole-rock analyses, on the other hand, are age-corrected. For this reason, in the following discussion we will use only the age-corrected data for whole-rocks, and focus particularly on their Pb isotopic variations, which are significantly less affected by seawater alteration than Sr isotopes (e.g. Schaule & Patterson, 1981) .
R A D I O G E N I C I S OTO P E C O M P O S I T I O N S

D I S C U S S I O N
Trace-element and radiogenic isotope data indicate that the Cretaceous magmatism in eastern Cuba can be classified into three main igneous groups, with different imprints of a subduction component. Group 1 is composed of basalts and rare basaltic andesites with MORB-like geochemical affinity, which could have formed in either a midocean or back-arc spreading centre. Group 2 comprises basaltic and minor basaltic andesitic dykes with transitional compositions between Groups 1 and 3, and that have IAT signatures probably reflecting the onset of arc growth (Jakes› & Gill, 1970) , arc rifting (Gribble et al., 1998) , or back-arc volcanism close to the arc front (Taylor & Martinez, 2003) . Group 3 consists of volcanic and minor intrusive rocks that have an unambiguous subduction-related imprint indicating an origin in the proximity of the volcanic arc. As Group 2 and some Group 3T samples are dykes intrusive into residual mantle peridotite, their imprinting by a subduction component is not due to assimilation of arc crust but must be related to the subducting slab.
Discriminating between these tectonic scenarios and establishing potential genetic links between the magmatic groups requires deciphering which geochemical signatures come from the mantle wedge and/or back-arc mantle and which are derived from the subducted slab (e.g. Hawkesworth et al., 1991 Hawkesworth et al., , 1993 McCulloch & Gamble, 1991; Pearce & Peate, 1995) . Below we use trace elements and radiogenic isotope ratios to examine the depletion and melting extents of the mantle source, assess the relative contributions of the mantle and the slab in the magma source, and identify the nature of the slab component for each magmatic group distinguished. These results are then compared with data for Cretaceous arc magmatism in the Caribbean region to infer how they can be integrated into the differing geodynamic models proposed.
Extent and depth of melting of the mantle source
Absolute abundances of HREE and HFSE and selected ratios between these elements are commonly employed as proxies of mantle wedge composition and for estimating the degree of melting in island arc settings, because these elements are least affected by the introduction of a slab component (Pearce, 1983; McCulloch & Gamble, 1991; Pearce & Parkinson, 1993; Woodhead et al., 1993; Pearce & Peate, 1995) . To minimize the effects of fractional crystallization and crustal contamination, estimations of source heterogeneity and melting proportions are inferred based on the HFSE and HREE abundances of basaltic rocks with Mg-number 450 and SiO 2 553 wt%. As a consequence, samples of Group 3T were excluded.
The extent of incompatible element depletion and depth of melting are indicated in Fig. 7 , which illustrates the correlation between Lu and Dy in primitive igneous rocks from eastern Cuba together with non-modal batch melting models for spinel lherzolite and garnet lherzolite mantle sources. Because Lu is fractionated from Dy during garnet-present melting, melting trends in the presence of spinel and garnet have different slopes. The Lu^Dy variations of Group 1 samples are consistent with 55 to 15% melting of a moderately depleted spinel lherzolite source. The lower HREE contents of Group 2 samples could be related to higher degrees of melting (20^30%) of the same source, or to smaller degrees of melting of a more depleted source. The lowest HREE abundances in Group 3Q samples suggest that they were generated by 10^25% melting of a depleted spinel lherzolite source. Because Lu and Dy abundances are not corrected for fractionation, the estimated melting proportions represent minimum values. The results indicate that melting occurred mainly at spinel lherzolite facies depths, which constrains the maximum pressure of melting to $2Á5 GPa (Walter, 2003) corresponding to depths of about 85 km. These estimates of maximum melting depths are similar to those inferred for coeval arc volcanism in Puerto Rico (Jolly et al., 2001 ) and probably imply a steady slab dip for the Cretaceous Greater Antilles subduction system.
If the HFSE contents of the mantle source are unmodified by slab additions and melting occurs at moderate to high degrees in the absence of residual garnetças proposed in the case of our samples (Fig. 7) çTa/Yb variations should highlight the relative depletion of the mantle source (Pearce, 1983; Pearce et al., 2005) . On the other hand, slab additions will increase Th/Yb in volcanic rocks relative to the trend defined by variably depleted MORB mantle sources (Pearce & Peate, 1995) . Figure 8 shows the Ta/Yb vs Th/Yb systematics of the most primitive samples (i.e. those with Mg-number 450 and SiO 2 553 wt%) of each magmatic group distinguished here. Groups 1 and 2 have a limited within-group Ta/Yb variation, whereas values are bimodal in Group 3Q. The mantle source of Group 1 has Ta/Yb close to the enriched-DMM (E-DMM; Fig. 8 ) (Workman & Hart, 2005) and is markedly less depleted than the source of Group 2, which is characterized by Ta/Yb between the depleted-DMM (D-DDM; Fig. 8 ) and the average DMM (DMM; Fig. 8 ) end-members. The relative depletion of Group 2 is accompanied by a departure from the MORB-mantle trend as a result of higher Th/Yb for a given Ta/Yb. In active subduction settings, a similar relative depletion of the mantle source is commonly observed between backarc (less-depleted source) and arc basalts (more depleted source) (Ryerson & Watson, 1987; McCulloch & Gamble, 1991; Woodhead et al., 1993) . This feature is interpreted as evidence that arc basalts record remelting of the back-arc mantle coupled with the introduction of the slab component beneath the magmatic arc (Davidson, 1987; Ewart & Hawkesworth, 1987; McCulloch & Gamble, 1991; Pearce & Parkinson, 1993; Arculus, 1994) . Ta/Yb reveals that most of the primitive Group 3Q rocks have a highly depleted source composition similar to that of Group 2 (Fig. 8) , whereas three samples have higher Ta/Yb indicative of a relatively more enriched mantle source. These Group 3Q subgroups are referred to hereafter as Groups 3Q1 and 3Q2, respectively (Fig. 8) . As Group 3Q samples are from the same volcanic sequence, their Ta/Yb bimodality reflects considerable local variation in the depletion of the mantle source.
Fractionation of HFSE: distinguishing between mantle wedge and slab contributions
If the HFSE budget is dominated by the mantle wedge component and unmodified by slab contributions, the ratios of HFSE with similar mantle^melt partition coefficients, such as Nb/Ta and Zr/Hf, serve as further proxies of the relative degrees of depletion and melting of the subarc mantle (Plank & White, 1995; Eggins et al., 1997; Elliott et al., 1997) . The Nb/Ta and Zr/Hf ratios of mantle-derived basalts are slightly fractionated during partial melting of mantle peridotite as a result of the more incompatible Á13:^0Á27:1Á4, respectively (Walter et al., 1995) ] and garnet lherzolite (dashed line) [source and melting ol:opx:cpx:grt proportions 0Á52:0Á29:0Á16:0Á03 and 0:0Á45:0Á45:0Á1, respectively (Gribble et al., 1998) ] with depleted composition (Donnelly et al., 2004) . Partition coefficients from Bedini & Bodinier (1999) , Su & Langmuir (2003) and Donnelly et al. (2004) . character of the numerators in clinopyroxene (Green et al., 1989; Forsythe et al., 1994) . Figure 9 illustrates the Zr/Hf vs Nb/Ta variations in the most primitive samples (Mg-number 450 and SiO 2 553 wt%.) Groups 1 and 2 have subchondritic Nb/Ta. Group 2 samples have lower Zr/Hf than Group 1, which, as inferred from the Ta/Yb vs Th/Yb variations (Fig. 8) , is consistent with Group 2 samples being derived from a more depleted mantle source than Group 1. The variation of Nb/Ta in Group 3Q is bimodal (Fig. 9) , as already noted for Ta/Yb. Group 3Q1 basalts depart from the melting trend defined by the Group 1 and 2 samples in Fig. 9 and have relatively higher and rather variable Nb/Ta (13Á3^17Á3). Zr/Hf (29Á2^33Á1) in these rocks has comparable or lower values compared with Group 2. Group 3Q2 primitive samples depart from the MORB field and the melting trend by showing unusually low, subchondritic, Nb/Ta ratios (7Á6^9Á1) (Fig. 9) . The variations of Nb/Ta in Group 3Q samples are inconsistent with anhydrous melting of a peridotite source. Nb and Ta can be fractionated by low degrees of melting, but, as we have shown above (Fig. 7) , this is not the case for Group 3Q. Hydrous mantle melting in the presence of high-Mgnumber amphibole cannot explain the HFSE fractionation of Group 3Q samples, because this process does not fractionate Nb from Ta (Tiepolo et al., 2000; Foley et al., 2002) . Pre-existing carbonate metasomatism of the mantle source might account for the higher Nb/Ta of Group 3Q1 (Green, 1995) , but this process should also induce high Zr/Hf ratios (Dupuy et al., 1992) , which are very different from the relatively low values observed in this group (Fig. 9) .
The HFSE distribution in the Group 3Q samples is inconsistent with a mantle wedge origin of the observed HFSE fractionations and suggests instead that they were imposed by a slab component (e.g. Stolz et al., 1996; Mu« nker, 1998; Prouteau et al., 2000; Foley et al., 2002; Mu« nker et al., 2004; Go¤ mez-Tuena et al., 2007) . If so, the bimodal distribution of Ta/Yb values in Group 3Q (Fig. 8 ) cannot be interpreted in terms of a variably depleted subarc mantle source. Most probably, the Group 3Q arc volcanic rocks shared a highly depleted mantle source, as attested by their Lu^Dy variations (Fig. 7) ; the systematic variations in their Ta/Yb and Nb/Ta ratios are most readily explained by slab additions of two distinct subduction components as discussed below.
Identification of the slab components Assessment of trace-element slab additions
Interestingly, the primitive samples of Groups 3Q1 and 3Q2, which we have discriminated previously in terms of their bimodal Ta/Yb^Th/Yb (Fig. 8) and Zr/Hf^Nb/Ta (Fig. 9) (Fig. 10a and b) .
The fact that Groups 3Q1 and 3Q2 show two distinct slab contributions coupled with contrasting Ta/Yb and Nb/Ta ratios (Fig. 10c) indicates that their Nb^Ta abundances provide fingerprints that reflect the contribution of the subduction component. Group 3Q2 samples have highly subchondritic Nb/Ta and relatively high Nb/La ratios that cannot be easily explained by fractionation related to slab dehydration or melting, as this signature is inconsistent with the HFSE partition coefficients of common slab mineral assemblages (Foley et al., 2002; Mu« nker et al., 2004, and references therein) . This indicates that the Nb/Ta ratios of Group 3Q2 samples were inherited from their slab source. As the HFSE are more easily dissolved in hydrous melts than in aqueous fluids (e.g. Tatsumi et al., 1986; Brenan et al., 1995; Keppler, 1996; Kogiso et al., 1997; Kessel et al., 2005) the slab agent that imposed its Nb/Ta signature on the mantle source of Group 3Q2 was probably a melt. On the other hand, the higher Nb/Ta ratios of Group 3Q1 (Fig. 9) could be generated by fractionation during melting of rutile-bearing eclogite-facies metabasalts (Klemme et al., 2002 (Klemme et al., , 2005 Mu« nker et al., 2004) .
In the Th/La vs Nb/Ta diagram (Fig. 11 ) Group 3Q2 primitive samples have relatively high Th/La and low Nb/Ta plotting in the field of the upper continental crust (UCC) (Kalfoun, 2002, and references therein) . This indicates that Nb/Ta in this group was probably inherited from subducted continental sediments. On the other hand, the primitive samples of Groups 2 and 3Q1 have values similar to those observed in the lavas from the Marianas and Vanuatu island arcs, which are only slightly influenced by recycling of continental sediments (Plank, 2005) . We thus infer that the mantle source of Group 3Q2 volcanic rocks received a larger contribution from continental sediments than Group 3Q1, a suggestion that is also supported by their comparatively higher La/Sm ratios (Elliott, 2003) .
A contribution from continental sediments in the subduction component of Group 3Q2 may also account for the more enriched composition of these rocks in several highly incompatible trace elements (Th^U^Nb^Ta^Pb) corrected for fractionation relative to Group 3Q1 (not shown).
The primitive samples of Group 1 plot near the high Th/La side of the MORB field in Fig. 11 consistent with a faint signature of a slab component coherent with a backarc tectonic setting.
Tracking the nature and provenance of the slab components Kalfoun (2002) and references therein. The crossed lines in (a) mark the chondritic composition (Sun & McDonough, 1989; Mu« nker et al., 2003) ; the dashed box defines the enlarged area in (b).
(e.g. Hawkesworth, 1982; Weaver et al., 1986; Hawkesworth et al., 1993; Santos et al., 2002; Elliott, 2003 (Fig. 6) , and has high e Nd (90 Ma) and the least radiogenic Pb and Sr isotopic ratios among the samples of Groups 2 and 3.
In Pb isotopic diagrams (Fig. 12) , samples of Groups 2 and 3 define two distinct trends diverging from the presubduction composition of the mantle wedge represented by sample GUA 200. Pb/ 204 Pb (18Á43^18Á62). The isotopic composition of Groups 3Q1 and 3T is consistent with mixing of the pre-subduction mantle with marine sediments (Fig. 12a  and b) , particularly with small percentages (0Á05^0Á2%) of Cretaceous Atlantic pelagic sediments (Jolly et al., 2006, and references therein Elliott et al. (1997) and Plank & Langmuir (1998) ; age-corrected ratios for Atlantic Cretaceous pelagic sediments (stars) from Jolly et al. (2006) and references therein; orogen and upper continental crust (UCC) curves from Doe & Zartman (1979) . Fields of present-day ratios for the Laurentian Grenville Belt (continuous line), Blue Ridge Terrane and Amazon Craton (dashed line) in (c) and (d) from Tohver et al. (2004) and references therein; shaded area of the Avalonian Northern Appalachians continental crust from Ayuso & Bevier (1991) . Pb isotopic growth line for average Th/U ¼ 3Á8 in (d) from Stacey & Kramers (1975) . Mixing lines between the compositions of the assumed mantle wedge (largest grey triangle) and those of one Atlantic Cretaceous sediment and the Appalachians continental crust best fitting with the data (large stars) are shown. Doe & Zartman (1979) (Fig. 12c) . We also remark that the 208 Pb/ 204 Pb of Groups 2 and 3Q2 can be explained by mixing with an end-member characterized by a timeintegrated Th/U lower than 3Á8 [the average value of the Earth in the two-stage model of Stacey & Kramers (1975) ] (Fig. 12d) . These features indicate that the continental component involved in the genesis of these magmatic groups was derived from relatively depleted continental crust with rather low time-integrated U/Pb and Th/U.
Taking into account the paleogeography of the Caribbean realm in the Late Cretaceous (Meschede & Frisch, 1998; Pindell et al., 2006) , the North and South America cratons are the two most likely sources of continental material entering the western Greater Antilles subduction zone. Relatively low U/Pb and Th/U ratios are characteristic of North American terranes and are significantly different from the signature of the Amazon craton (Tohver et al., 2004) . Among the potential candidates for the provenance of these continental sediments, the Avalonian continental crust and the Blue Ridge terrane of the Appalachians range most closely fit the Pb isotopic composition inferred for the continental mixing endmember involved in the genesis of Groups 2 and 3Q2 ( Fig. 12c and d (Ayuso & Bevier, 1991; Tohver et al., 2004) and are interpreted as exotic peri-Gondwanan continental terranes derived from South American Proterozoic crust subsequently incorporated into North America (Nance & Murphy, 1994) . A similar tectonic evolution has been inferred for the Northern Florida, Yucata¤ n and Chortis blocks (Murphy et al., 2004 , and references therein), which were located relatively close to the Cuban arc in the Late Cretaceous (e.g. Pindell et al., 2006) . The Pb isotopic systematics of Groups 2 and 3Q2 is consistent with contamination of the mantle wedge by small percentages (51%) of a slab agent extracted from detrital sediments derived from the North American exotic continental crust in the Appalachians (Fig. 12c and d) .
Implications for the geodynamic evolution of the Cretaceous Greater Antilles subduction zone
The compositional variation observed in the eastern Cuba magmatism may be used to discriminate between different potential spatial and/or temporal scenarios for its genesis. For instance, the increasing imprint of a slab component from Group 1 to Groups 2 and 3 may reflect an increasing proximity to the arc volcanic front. In active subduction settings, similar variations are observed both across strike (e.g. Hochstaedter et al., 2001; Sinton et al., 2003) or along strike in a back-arc basin converging on the arc, as is the case of the Marianas subduction zone (Pearce et al., 2005) . In the former scenario the stronger contribution from the slab is generally coupled with relatively greater depletion of the mantle source, whereas in the latter scenario there is little or no variation in the source depletion as a function of the distance from the arc axis (Pearce et al., 2005) . As the mantle sources of Groups 2 and 3 not only show a progressively stronger imprint of a slab component(s) but also are significantly more depleted than Group 1 (Figs 7^9), we conclude that the geochemical variability of the igneous suites from eastern Cuba probably reflects across-arc variation as indicated in Fig. 13 . We also note that this tectonic configuration fits with the genetic relationships between the Mayar|¤^Baracoa ophiolitic gabbros and the volcanic rocks from eastern Cuba .
The polarity of subduction below the Late Cretaceous Greater Antilles Arc and consequently the age (Aptian vs Campanian) of a hypothetical reversal from a NE-to SWdipping slab in this arc system are controversial (Kerr et al., 1999 (Kerr et al., , 2003 Jolly et al., 2001; Pindell et al., 2006 , and references therein). The geochemical evidence provided in this study of the involvement of North American continental sediments in the genesis of eastern Cuba magmatism ( Fig. 12c and d) implies SW subduction of the ProtoCaribbean ocean beneath the Caribbean plate during the Late Cretaceous (Fig. 13) . Moreover, the pre-Campanian age of the eastern Cuba igneous suites supports models that establish the onset of SW-dipping subduction beneath the Greater Antilles Arc in the Aptian (Garc|¤ a-Casco et al., 2006; Pindell et al., 2006) . The involvement of continental sediments in the Cretaceous Greater Antilles subduction zone has been previously suggested by several workers (e.g. Kerr et al., 1999 , and references therein) but so far has not been verified in the eastern domain of the paleo-island arc (Hispaniola, Puerto Rico, Virgin Islands), which generally shows a major contribution of marine pelagic sediments (e.g. Lebron & Perfit, 1994; Jolly et al., 2001 Jolly et al., , 2006 . Our results confirm that the Late Cretaceous Cuban arc was located in a setting relatively close to North America (Pindell, 1994; Meschede & Frisch, 1998) where detrital sediments from the paleonorth American continental margin were subducted into the Greater Antilles paleo-subduction zone.
C O N C L U S I O N S
The Late Cretaceous igneous rocks from eastern Cuba show three main geochemical signatures that mostly reflect the different extent of depletion and the variable imprint of a subduction component in their mantle sources. Group 1 consists of tholeiitic basalts formed by low to moderate degrees of melting (55^15%) of a depleted mantle source. These rocks exhibit MORB-like compositions with a faint slab-derived component, consistent with a back-arc basin setting. Group 2 was derived by similar degrees of melting of a more depleted mantle source that was overprinted by a significant subduction component.
The source of Group 3 basalts underwent moderate to high degrees of melting (10^25%) and had a highly depleted composition coupled with a strong subduction-related imprint. The absence of fractionation between MREE and HREE in the primitive basalts indicates that melting mainly occurred at depths (585 km) characteristic of the spinel lherzolite stability field. Contrary to previous ideas, the Morel (Group 1) and Quibija¤ n (Group 3Q) extrusives record two distinct volcanic settings and are considered as different series. On the other hand, the volcanic suites so far distinguished in the Te¤ neme (Group 3T) and Quibija¤ n (Group 3Q) Formations should be grouped on the basis of their similar whole-rock compositions.
Unlike the samples of Groups 1 and 2, our data indicate that Nb/Ta in the primitive lavas of Group 3 is not controlled by the mantle component, but instead provides a fingerprint of the contributions of two different slabderived agents: in one case (Group 3Q1) the melting of rutile-bearing subducted crust caused the fractionation of Nb from Ta; in the other case (Group 3Q2) Nb/Ta was inherited from recycled continental sediments.
Both North American continental and Atlantic marine deposits entered the Cuban paleo-subduction zone and mixed in small percentages (51%) with the depleted mantle sources of Groups 2 and 3Q2, and Groups 3T and 3Q1, respectively. The involvement of North American and Atlantic sediments in the sources of Late Cretaceous magmatism of eastern Cuba indicates that the ProtoCaribbean (Proto-Atlantic) lithosphere subducted beneath the Greater Antilles Arc prior to the Campanian.
The variable depletion and influence of a subduction component in the subarc mantle implicate temporal and/or spatial compositional variations more complex than previously considered for Cretaceous magmatism in eastern Cuba, and may reflect the variable across-arc tectonic settings of the magmatic activity.
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